The magnetization reversal processes are discussed for exchangecoupled ferromagnetic hard/soft bilayers made from Co 0.66 Cr 0.22 Pt 0.12 (10 and 20 nm)/Ni (from 0 to 40 nm) films with out-of-plane and in-plane magnetic easy axes respectively, based on room temperature hysteresis loops and first-order reversal curve analysis. On increasing the Ni layer thicknesses, the easy axis of the bilayer reorients from out-of-plane to in-plane. An exchange bias effect, 2 consisting of a shift of the in-plane minor hysteresis loops along the field axis, was observed at room temperature after in-plane saturation. This effect was associated with specific ferromagnetic domain configurations experimentally determined by polarized neutron reflectivity. On the other hand, perpendicular exchange bias effect was revealed from the out-of-plane hysteresis loops and it was attributed to residual domains in the magnetically hard layer.
Introduction
Ferromagnetic (FM) thin films with strong out-of-plane magnetic anisotropy have been widely studied for perpendicular magnetic recording media applications [1, 2] . For this purpose, perpendicular anisotropy systems can be designed with high thermal stability to avoid superparamagnetic behavior [3] and with good writeability [1] , but this may raise the switching field above that which can be produced by currently available write heads. The use of tilted media, where the easy magnetization axis points at 45 • to the film plane, has been proposed to reduce the switching field [4, 5] , but the implementation of this method is complex.
Considerable research has therefore been done on multilayer magnetic films where exchange coupling between dissimilar phases can be used to tailor the magnetic response. For example, thermally assisted recording media was suggested as a possibility to overcome the writing problem [6] , by coupling a hard layer to a layer such as FeRh with strongly temperaturedependent magnetic properties [7] [8] [9] [10] .
Perpendicular exchange coupled composite or exchange spring media have recently been introduced as candidate systems in which the magnetic response can be controlled without the necessity for thermal cycling [11] [12] [13] [14] [15] [16] . Perpendicular exchange spring systems consist of exchange-coupled hard and soft magnetic layers with respectively out-of-plane and in-plane easy magnetization axes. While the magnetically hard film provides thermal stability, the soft layer reduces the reversal field. When an external magnetic field is applied, the soft layer reverses first which creates an additional effective field applied to the hard phase through exchange coupling, lowering the switching field of the whole system. Hard layers with high coercive fields and magnetocrystalline anisotropy constant on the order of 7 × 10 6 J m −3 , such as FePt, CoPd and CoPt, and soft layers of materials with low magnetocrystalline anisotropy and large saturation magnetization such as FeNi, have been suggested for exchange spring media, i.e. the effective anisotropy energies of the component layers are highly dissimilar [11] [12] [13] .
3 FePt and FeNi [17] , FePt and Fe 3 Pt [12] , FePt and Fe [16, 18, 19] , FePt and FeAu [20] , Pt/Co multilayers and FeNi [21] , CoPtNi and Ni oxides [22] , and CoPt-SiO 2 and Co-SiO 2 [23] composites are some examples which have been experimentally studied.
Another phenomenon of interest in coupled FM layer systems is the exchange bias effect observed between two ferromagnets with perpendicular anisotropies at room temperature without any field cooling procedure. Usually, exchange bias results from the interfacial exchange interaction between a FM and an AFM (antiferromagnetic) material [24] [25] [26] [27] and is manifested by a shift H EB of the FM hysteresis loop along the magnetic field axis after fieldcooling through the Néel temperature of the AFM. An induced exchange bias behavior has also been observed in systems with two coupled FM materials such as a Pt/Co multilayer and a NiFe thin film [21, 28, 29] . A shift (H EB ) of the in-plane room temperature hysteresis loops of the NiFe layer was observed when the loops were measured after an in-plane saturation of the whole system. This effect was explained as a result of the interplay between out-of-plane and inplane anisotropies of the Pt/Co multilayer and NiFe thin film, respectively. As the out-of-plane magnetization of each domain in the Pt/Co progressively tilts toward the in-plane direction, closure domains are created in the region close to the interface [30, 31] . Closure domains at the interlayer were suggested by Sort et al [28] and predicted by two-dimensional micromagnetic simulations [21, 32] . When the system approaches in-plane saturation, the closure domains in the hard layer, oriented parallel and anti-parallel to the external field, change their respective sizes, and the net in-plane magnetic moment from the uncompensated closure domains induces an exchange bias effect on the minor hysteresis loop of the soft phase [21, 28, 29] . Recently, micromagnetic simulations [33] showed the formation of vortex cores in the Bloch domain walls separating the upwards and downwards magnetization domains in the Pt/Co multilayer. Bollero et al [33] suggested that the contribution of the exchange coupling between the magnetization of the NiFe layer and the magnetization of the vortex cores (aligned parallel to the in-plane applied field) is responsible for the shift (H EB ) of the in-plane NiFe layer hysteresis loops.
In contrast, no shifts along the field axis were observed when the external magnetic field was applied out-of-plane [28] . Recently, simultaneous in-and out-of-plane exchange bias has been obtained by coupling a FM with in-plane anisotropy and a FM with out-of-plane anisotropy to the same AFM layer such as Co/NiO/Co-Pt [34] and NiFe/IrMn/Co-Pt [35] stacks.
In this work, we examined bilayers composed of two materials (CoCrPt and Ni) which present anisotropies of similar magnitudes but orthogonal directions, out-of-plane in the case of CoCrPt and in-plane for Ni. We selected a Co-based alloy (Co 0.66 Cr 0.22 Pt 0.12 ) as the hard material with uniaxial magnetocrystalline anisotropy [36, 37] , which can be oriented out-of-plane by epitaxial growth onto a Ti (0001) underlayer. This alloy has been extensively studied for harddisk data storage applications [38, 39] . We completed the exchange-coupled system with a Ni film as the soft layer. Due to its low magnetocrystalline anisotropy, shape anisotropy controls its magnetic properties. The soft layer thickness was varied from 0 to 40 nm, keeping the hard layer thickness at 10 or 20 nm. A reorientation of the bilayer magnetization configuration from out-of-plane to in-plane occurs as the Ni film thickness increases (shown in section 3.1). Room temperature hysteresis loops and first order reversal curve (FORC) analysis [40] [41] [42] [43] were performed to determine the magnetization reversal process of the exchange-coupled systems as a function of layer thicknesses (section 3.2). We also examined the in-plane exchange bias effect for the Ni layer after saturating the CoCrPt/Ni composites (section 3.3). In prior work [21, 28, 29] , where in-plane exchange bias effects were studied, composites with thinner in-plane soft layers (up to 5 nm thick) were examined. In this paper, the magnetization reversal processes and exchange bias effects are reported for composites where the Ni layer thickness was varied in a broader range (between 0 and 40 nm). Conclusions on the nature of the exchange bias effect, deduced from the hysteresis loops and the FORC analysis, are complemented by the results on the depth resolved magnetometry reported in section 3.4. The magnetization distribution across the CoCrPt/Ni bi-layer is provided by polarized neutron reflectometry (PNR). This method is capable [44] [45] [46] of probing magnetic states of CoCrPt layer deeply buried under the thick Ni layer. In this case, other domain imaging methods, such as magnetic force microscopy [47] , photoemission electron microscopy [48] , transmission x-ray microscopy [49] , or circular dichroism in x-ray resonant magnetic scattering [50] are inapplicable. PNR analysis at low field showed that, while the 40 nm thick Ni layer remains close to saturation, the inplane magnetization of the CoCrPt phase linearly decays through the layer thickness. This magnetization profile supports the existence of a domain configuration responsible for the exchange bias effect.
In section 3.5, we reported on the observation of out-of-plane exchange bias induced by applying a saturating field perpendicular to the film surface. The perpendicular exchange bias effect was interpreted within a model of residual domains in CoCrPt layer [49] .
Experimental methods
A 5 nm Ti seed layer, a 10 or 20 nm thick Co66 at%/Cr22 at%/Pt 12 at% (CoCrPt) film, then a Ni film with thicknesses from 0 to 40 nm and finally a 3 nm Ti capping layer were deposited sequentially on (100) Si wafers with native oxide by rf sputtering at room temperature. The Ar (99.999% pure) sputtering gas pressure was 2 mTorr, with a base pressure below 2 × 10 -8 Torr, and the rf power was 300 W for 5 cm diameter targets [51, 52] . The deposition rates were 1.9 Å s −1 for CoCrPt, 1.4 Å s −1 for Ni and 0.8 Å s −1 for Ti. For clarity, the samples are named in the following sections as CoCrPtX/NiY where X and Y represent the thicknesses in nm of the CoCrPt and Ni films, respectively. In the sputtering system, the thickness of the deposited layer is homogenous over the central area (≈2 × 2 cm 2 ) of the sample and is reduced at larger radii. The hysteresis loops and FORC analysis used samples with areas of 5 × 5 mm 2 cut from the center of the sample where the final layer thicknesses is consistent with the nominal thickness values. However, polarized neutron measurements require larger areas and we measured samples with areas as large as 3 × 3 cm 2 . The average film thickness of the large samples is expected to be lower than the nominal thickness.
Room temperature magnetic characterization was performed by measuring the hysteresis loops in a vibrating sample magnetometer (VSM, ADE model 1660) and FORCs were measured with a commercial Lakeshore magnetometer (model 7400). FORC measurements consist of several minor hysteresis loops, beginning at different reversal fields H r and going back to positive saturation. The FORC distribution ρ represents the statistical distribution of the system of hysterons. It can be calculated through a second-order mixed derivative of magnetization M with respect to applied field H and H r [53] ,
This derivative eliminates the purely reversible components of the magnetization (ρ = 0) [54] . Thus, any non-zero ρ corresponds to irreversible switching processes [40] . The results are presented in the Preisach plane using the interaction field axis, H u = −(H + H r )/2, and the critical field axis, H cr = (H − H r )/2 (written as H c in the FORC diagrams). The precision of the FORC diagram is governed by the magnetic field and reversal field steps, H and H r , respectively. In this work, we selected a saturation field H s of 5 kOe, H = 5-25 Oe and H r = 5-50 Oe, based on the major hysteresis loops. We induced exchange bias effects in the CoCrPt/Ni bilayer through the following procedure: after saturation (15 kOe), we measured a minor loop with a maximum applied field (H max ) large enough to saturate one of the phases but insufficient to saturate the other one. Minor loops were measured with H max values of 750 Oe, 1 kOe and 1.25 kOe after both positive and negative saturation of the composite, in order to check the symmetry of this phenomenon. This procedure was carried out with fields along both the in-and out-of-plane directions, in order to determine H EB fields of the Ni and CoCrPt layers respectively.
Polarized neutron scattering experiments were carried out with the Super ADAM reflectometer (www.ill.eu/instruments-support/instruments-groups/instruments/superadam/) at the Institut Laue-Langevin, Grenoble (France). The measurements were performed with fixed neutron wavelengths of λ = 0.441 nm and the polarization efficiency was around 95%. The external magnetic field (up to 7 kOe) was applied in-plane, parallel to the neutron polarization and perpendicular to the scattering plane. For specular reflectivity measurements, non-spin-flip (NSF) reflectivities as well as neutrons with flipped polarization after reflection were analyzed.
Results and discussion

Hysteresis loops and anisotropy
Single-layer CoCrPt films show out-of-plane easy magnetization direction because the anisotropy energy is primarily controlled by the magnetocrystalline anisotropy term (figure 1(a)). Magnetic measurements and x-ray diffractometry of similar CoCrPt films [36, 52, 55] indicate that the crystallographic c-axis and the easy magnetization axis are oriented out of plane. Along the out-of-plane direction, no magnetization reversal is observed until the external magnetic field reaches the 'depinning field' (H Dp ). Then, a sharp magnetization drop occurs which is associated with an avalanche-like growth of reverse domains in the film. While the hysteresis loop shape is almost square for the 10 nm thick film (not shown here), the 20 nm thick film (figure 1(a)) shows a slow approach to saturation which is attributed to the existence of small bubble domains that are magnetostatically stabilized by the surrounding regions. A linear or almost linear hard axis behavior was exhibited by single layer CoCrPt films when the magnetic field was applied in-plane. In contrast, Ni thin films show a square loop for an in-plane field associated with domain wall nucleation and propagation processes ( figure 1(b) ), while the out of plane direction is a hard axis. For comparison, out-of-plane (figure 1(c)) and in-plane (figure 1(d)) hysteresis loops of several CoCrPt20/NiY composites are also shown. The shape of the composite loops cannot be explained by a simple superposition of the individual layers, indicating the existence of magnetic interactions between the phases.
We first consider the effective magnetic anisotropy energy (K eff ) in the composite films. An estimate of K eff for each film was obtained from the hysteresis loop, using the following approximation: where M S is the saturation magnetization and H c the coercivity. Positive values (K eff > 0) favor perpendicular magnetization and negative values (K eff < 0) favor in-plane magnetization. The competition between the different anisotropy terms in CoCrPtX/NiY bilayers is the origin of the reorientation of the easy direction from out-of-plane to in-plane when the Ni thickness is increased. This reorientation occurs around t Ni = 5 and 10 nm for t CoCrPt = 10 and 20 nm respectively ( figure 2 ). Under the assumption that both layers, with saturation magnetization M hard(soft) S and film thicknesses l hard(soft) of the hard (soft) layer, remain magnetically uniform and the layers are exchange coupled, the bilayer structure can be described with an average magnetization
and anisotropy constant [56, 57] i.e. the bilayer structure exhibits the same magnetic behavior as a single layer structure with M eff S−T and K eff T . The model (equation (4)) predicts transitions from out-of-plane to in-plane for Ni film thicknesses of 7.5 and 13 nm for t CoCrPt = 10 and 20 nm respectively, slightly higher than the experimental measurements (figure 2). Although micromagnetic simulations show that the assumption of uniform reversal of both hard and soft layers is not valid for most exchange coupled composite structures [13] , the results for the CoCrPtX/NiY composites fit quite well with this behavior when the easy magnetization axis lies in-plane, i.e. uniform reversal of both layers is suggested for systems with t Ni 20 nm. Composites with thinner Ni films show discrepancies between the experimental and predicted effective anisotropy energy values which are associated with inhomogeneous reversal processes of the soft and hard phases.
First order reversal curves
The FORC technique was employed to examine the reversal process in greater detail. Figure 3 shows the evolution of the FORC results of the 40 nm thick Ni film and two composites (CoCrPt10/Ni40 and CoCrPt20/Ni40) when the external magnetic field was applied in-plane. For the single Ni film, the obtained circular FORC distribution is in agreement with a domain wall nucleation-propagation process ( figure 3(a) ). Although the bilayers (figures 3(b) and (c)) present a similar behavior, there is a curve in the FORC distributions and a positive shift along the H u -axis, suggesting that the CoCrPt layer alters the Ni reversal process.
Major hysteresis loops give averaged properties such as coercivity and reduced remanence which represent the behavior of the whole bilayer system. On the other hand, characteristics extracted from FORC results, such as the H cr where the FORC distribution is maximum (denoted H crmax ), are related to local properties, e.g. the fields at which irreversible events figure 4(a) ). While the VSM coercivity H c is identical to the local Ni switching field H crmax for single layer Ni films (as expected), it is larger in the composite films due to the coupling between the films. The difference, more or less constant with the Ni thickness, increases with the CoCrPt film thicknesses from 7.8 to 27.7 Oe for t CoCrPt = 10 and 20 nm, respectively. Therefore, the switching field H crmax of a soft material with in-plane easy axis can be tailored by adding a well-coupled hard layer with out-of-plane easy magnetization axis.
Comparing the reduced remanences obtained from the VSM data, we observe that M R /M SAT of the composites exhibits the same increasing tendency as the single layer Ni film (full symbols in figure 4(b) ). Figure 4 (b) also shows the reduced remanence of the composites calculated on the basis that the two layers are fully decoupled (open symbols in figure 4(b) ). The fully decoupled values were obtained from summing the hysteresis loops of the CoCrPt single figure 4(b) ) and even larger than the Ni values in the t CoCrPt = 10 nm case, an extra contribution to the inplane magnetization is present. Thus, we propose that the CoCrPt magnetization partially rotates toward the in-plane direction due to the interfacial exchange coupling with the Ni film [21, 28] . This is consistent with the PNR measurements discussed below.
We now discuss out-of-plane FORC results. The behavior of perpendicular exchange spring systems, when the external magnetic field is applied out-of-plane, can be summarized by the following steps [11] [12] [13] [14] [15] [16] :
(i) first of all, the system is fully saturated at large out-of-plane fields; (ii) when the external magnetic field is reduced and a 'nucleation field' (H N ) is reached, the magnetization direction in the soft material starts to rotate from out-of-plane to in-plane in a reversible way. This leads to domain wall nucleation and propagation in the soft phase. Finally, the domain wall is pinned at the soft/hard interface; (iii) the magnetization reversal of the hard layer is completed by a sharp jump at the 'depinning field' (H Dp ). This last step has been associated with the domain wall depinning and propagating through the hard phase of the system, which is an irreversible process. Thus the FORC would show a single peak at H Dp . At sufficient reverse field, the soft layer is fully reversed. are characteristic of magnetic thin films with perpendicular magnetic anisotropy which can have a multidomain configuration [40, 58, 59] , suggesting a different reversal process from the process described above (see circles in figures 5(a)-(c)). Moreover, the outof-plane FORC results (even in the single CoCrPt layers) present two peaks associated with irreversible processes which also confirms magnetization reversal via multiple steps [17, 40, 41] (shown by dashed lines in figures 5(d)-(f)). The first peak is associated with the depinning process, with H r = H Dp (described above, step (iii)). Using the FORC analysis that Davies et al [40] carried out for studying the magnetization reversal of Pt/Co multilayers, the next steps are described by (see circles in figures 5(b) and (c), and dashed lines in figures 5(d)-(f)):
(iv) the hard phase breaks into a multidomain configuration after the depinning of the interface domain wall. This hypothesis is reinforced by the horizontal elongation of the H Dp peak, which reflects a gradual return to saturation just after the wall depinning, instead of a sharp jump. Thus, an extended reversible region (ρ ≈ 0) at low field (between points (iv) and (v)) is explained by expansion of the domains in the hard layer; (v) a second irreversible process starts to occur, leading to a second peak; (vi) this second peak, the 'annihilation field' (H A ), observed in the CoCrPt layer with or without a Ni layer, is associated with the annihilation of the domains in the CoCrPt film until it reaches saturation; As the FORC technique uses a large data set in comparison to the usual major hysteresis loops, it can reveal much more detailed information about the reversal process of a system. For example, the FORC diagram of the 20 nm thick CoCrPt layer shows a reversible region (associated with the expansion and contraction of the domains) between points (iv) and (v) (−500 < H r < −250 Oe). Also, FORC results show larger H A values than the hysteresis loops ( figure 6 ) and even the irreversible processes persist well beyond the field (H SAT ) at which saturation is nominally reached. This is consistent with the presence of bubble domains in the CoCrPt, even though their resulting magnetic moment becomes negligible in the hysteresis loops [17, 40] . Larger fields, such as H r ≈ −1400 Oe for 20 nm thick CoCrPt film, are required to fully saturate the CoCrPt. Figure 6 shows the evolution of both depinning and annihilation fields of composites with 20 nm thick CoCrPt as a function of the Ni thickness. From both the major hysteresis loops (open symbols in figure 6 ) and the FORC distributions (full symbols in figure 6 ), one can suggest that the presence of the Ni layer seems to favor the stability of the multidomain state of the CoCrPt layer, increasing the absolute values of both H Dp and H A . Therefore, the step between both irreversible peaks (from point (iv) to (v) in figure 5 ) is larger when the Ni layer is thicker (−500 < H r < −250 Oe for 20 nm thick CoCrPt, −800 < H r < +250 Oe for CoCrPt20/Ni5 and −1000 < H r < +250 Oe for CoCrPt20/Ni20). A similar tendency was observed for t CoCrPt = 10 nm.
Exchange bias effects in CoCrPt/Ni composites in an in-plane field
In this section, we discuss the in-plane exchange bias effects in exchange-coupled FM bilayers with perpendicular anisotropies. Figure 7(a) shows an example of the in-plane minor loops of a CoCrPt20/Ni10 composite with minor loop amplitude H max = 750 Oe, 1 kOe, 1.25 kOe and 10 kOe after a positive saturation (+15 kOe). The minor hysteresis loops were obtained starting the measurements from positive H max (+H max → −H max → +H max ). Vertical shifts of the hysteresis loops along the magnetization axis are observed. As the maximum applied field in the minor loop is increased, these shifts are reduced [28] . Figure 7(b) shows the in-plane minor loops of the CoCrPt20/Ni10 composite after centering the loops along the magnetization axis with H max = 750 Oe and 10 kOe after a positive saturation (+15 kOe). While the loop is symmetrical along the field axis for H max = 10 kOe, the ascending branch of the minor loop performed with H max = 750 Oe (i.e. from -750 to +750 Oe) has a lower coercivity than the descending branch, yielding a significant shift of the loop toward negative field values and a coercivity decrease. On the other hand, the minor hysteresis loops show reversed behavior [60] (figure 7(c)) when they were started from negative H max = −750 Oe (−H max → +H max → −H max ) and after negative saturation (−15 kOe).
Finally, a symmetric minor loop ( figure 7(d) ) without any shift and lower coercivity is observed when the cycle was performed from a negative field, H max = −750 Oe (−H max → +H max → −H max ) after an in-plane demagnetization process.
In contrast with these results, CoCrPt10/NiY composites with Y > 5 nm showed no such exchange bias effects under the same field cycling procedures.
As mentioned in the introduction, an exchange bias effect along the applied field axis in systems with two coupled ferromagnetic materials has been explained by considering the domain configurations of the two magnetic layers [21, 28, 33] . When the system is saturated in-plane and the external field is removed, an effective in-plane magnetic moment is retained from the uncompensated domains in the hard phase, favoring magnetization along the direction in which the sample was initially saturated.
The uncompensated domains produce, as a first consequence, a shift of the loops along the magnetization axis when the maximum applied field is large enough to reverse the layer with in-plane anisotropy but not enough to eliminate the hard layer domain structure [28, 60] . This magnetization offset depends on the maximum applied field and it is negligible for large enough external fields ( figure 7(a) ).
A second consequence is that negative (figure 7(b)) or positive ( figure 7(c) ) shifts of the soft layer hysteresis loop along the field axis (i.e. an in-plane exchange bias effect) [28, 60] and a coercivity reduction are observed when only the layer with in-plane anisotropy was saturated after saturating the bilayer. The measured coercivity and the in-plane exchange bias along the field axis are plotted in figures 8(a) and (b) for composites with t CoCrPt = 20 nm.
In contrast, when the minor loop was measured after in-plane demagnetization process, the contribution to the in-plane magnetization of the hard layer domains was compensated and no shifts were observed ( figure 7(d) ). Moreover, the compensated domain configurations are robust enough to not be modified by applied fields favoring the reversal of the soft phase on both the ascending and descending loop branches and reducing the coercive fields (open symbols in figure 8(a) ).
Because the domain configuration was artificially created, the pinning effect can be easily modified by applying sufficiently large fields. Figure 8 (a) In-plane hysteresis loops of CoCrPt20/Ni10 bilayer with +750 Oe ( ), +1 kOe (•), +1.25 kOe ( ) and +10 kOe ( ) maximum external applied field after the full saturation of the system with +15 kOe. (b) In-plane hysteresis loops of CoCrPt20/Ni10 composite after centering the loops along the magnetization axis with +750 Oe ( ) and +10 kOe ( ) maximum external applied field after the saturation with +15 kOe; (c) with −750 Oe ( ) and +10 kOe ( ) maximum external applied field after saturation with −15 kOe; and (d) with −750 Oe ( ) and +10 kOe ( ) maximum external applied field after in-plane demagnetization process.
when the maximum applied field is increased. The H EB also reduces for thicker Ni layers and the coercivity tends to a maximum value ( figure 8(a) ), supporting its interpretation as an interface effect.
Although no in-plane exchange bias effects were observed for CoCrPt10/NiY composites, FORC results exhibited features similar to those seen in the CoCrPt20/NiY composites, consistent with the presence of a magnetizing interaction field, but any bias effects were too small to be observed in our VSM measurements. 
Polarized neutron reflectivity
Based on the foregoing discussion, magnetic domains at the interface provide a plausible origin for the increased remanence of the bilayer and for the exchange bias effects. In order to check this hypothesis the magnetization profile through the depth of the bilayer was experimentally determined from PNR experiments. Two NSF, R ++ and R −− , as well as two spin-flip (SF), R +− and R −+ , reflectivity curves were recorded for a set of samples subjected to an external magnetic field up to 7 kOe. All four reflectivities were simultaneously fitted to a theoretical model from which a set of structural and magnetic parameters were determined.
The results for CoCrPt20/Ni40 measured both at saturation and at a low-field state (250 Oe) are presented in figure 9 . In both sets of data, one can clearly see the splitting between reflection curves R ++ and R −− . This splitting is caused by the difference in scattering length densities (SLD) N b + N p and N b − N p for alternative neutron spin projections onto the magnetization of the layers, with N b and N p the nuclear and magnetic SLD, respectively. SF reflection, in principle, probes deviations of magnetization from the external field direction. However, for data obtained both at saturation and close to remanence, the SF signal in figure 9 can be attributed entirely to imperfection of the incident beam polarization (96.4%) and efficiency (95.3%) of the spin analysis. This means that no appreciable in-plane magnetization components perpendicular to the field guiding neutron polarization was detected in saturation, nor close to the remanent state.
Measurements in a saturating in-plane field of 7 kOe were used to firstly determine the basic sample parameters, e.g. thicknesses, SLDs, including magnetic, and interfacial roughness of the multilayer. They were reliably determined from the best fit of the PNR data to the theoretical model depicted in figure 9 . It was, in particular, found that the FM layer thicknesses, 32.79 ± 0.06 nm for Ni and 18.45 ± 0.04 nm for CoCrPt layers, appreciably deviate from the nominal values of 40 and 20 nm, respectively, in the 3 × 3 cm 2 samples. Apart from this, the quality of the samples was rather good and the roughness of the interfaces does not exceed 1 nm. The nuclear SLD value for Ni layer was found close to its expected value N b = (9.44 ± 0.01) × 10 -6 Å −2 , and the magnetic SLD N p = (1.40 ± 0.02) × 10 -6 Å −2 , corresponding to magnetization [61] of M PNR Ni = 482 ± 7 emu cm −3 , was consistent with the saturation magnetization for bulk nickel (484.1 emu cm −3 ). At the same time, the average nuclear SLD of the CoCrPt layer was N b = (2.88 ± 0.06) × 10 -6 Å −2 with the magnetic SLD N p = (1.06 ± 0.05) × 10 -6 Å −2 corresponding to an in-plane magnetization of M PNR CoCrPt ≈ 360 ± 20 emu cm −3 . This value is larger than the CoCrPt magnetization obtained from our hysteresis loops (M ave SAT ≈ (330 ± 20) emu cm −3 ) and close to that from the literature (≈350 emu cm −3 ) [36] . The origin of these discrepancies could be explained by the presence of amorphous interlayers between the CoCrPt and Ti seed layers, associated with the large lattice mismatch between the two elements and/or interdiffusion to form Co-Ti amorphous alloys [39, [62] [63] [64] [65] , and/or the existence of softer or even non-magnetic Cr-rich grain boundaries originated by Cr segregation to the grain boundaries of Co-rich grains [36] .
Further measurements were performed in a low magnetic field of 250 Oe. Figure 9 (b) shows that the splitting between NSF reflectivities, and hence the net magnetization of the sample, is appreciably reduced with respect to that in saturation ( figure 9(a) ). Such a reduction is expected from the VSM measurements and is due to the out of plane anisotropy of the CoCrPt. From the PNR data, the magnetic SLD of the Ni layer decreases to (1.25 ± 0.02) × 10 -6 Å −2 suggesting that ≈89% of the Ni magnetic moment remains aligned in plane. In contrast, the mean value of magnetic SLD of CoCrPt layer drops down to (0.59 ± 0.05) × 10 -6 Å −2 corresponding to ≈56% reduction in the net in-plane magnetization. Moreover, the best fit was achieved with gradients of magnetic SLD across the CoCrPt layer as illustrated in figure 9 (b). This suggests a gradual decrease of in-plane magnetization of the CoCrPt layer from ≈65% at the interface with Ni layer down to only ≈20% of the saturation value at the interface with the substrate (figures 10(a) and (b)).
The progressive decay of the magnetization through the CoCrPt thickness indicates a nonuniform magnetization state in response to competition between the out of plane anisotropy, exchange coupling with the in-plane magnetized Ni, and demagnetization terms. Domain walls in CoCrPt thin films are expected to be narrow, e.g. 14 nm for a 20 nm thick film [66] , the formation of a multidomain structure is facilitated even in thin films. A sketch of such a domain structure is given in figure 10(c) , which includes triangular domains with out of plane magnetization and trapezoidal domains with in-plane magnetization coupled to the Ni, separated by 90 • walls. Adjacent out-of-plane domains are separated by 180 • walls. These arrangements provide partial flux closure while maintaining exchange coupling with the Ni. This model domain configuration is similar to those previously calculated for [Pt/Co] and NiFe bilayers by micromagnetic simulations [21] and experimentally determined for single FePd thin films with perpendicular anisotropy by using both circular dichroism in the x-ray resonant magnetic scattering [50] and grazing incidence small-angle neutron scattering [67] techniques. A precise determination of the parameters of the model is beyond the scope of the present work, but the model qualitatively explains the magnetization profile through the CoCrPt thin layer capped with thicker Ni layer observed by PNR, as well as illustrating the basic mechanism of the exchange bias effects experimentally observed for this bilayer system. The trapezoidal in-plane domains are stabilized by the out-of-plane domains, and interact with the Ni to provide a field-dependence pinning. The unidirectional orientation of the inplane CoCrPt domains therefore explains the offset in the in-plane minor loops of the Ni. The interfacial exchange coupling, which is proportional to the interface area, can be significant even at remanence state, and complete reversal of the soft layer can only be achieved when all the domains in the hard layer are erased.
Exchange bias effects in CoCrPt/Ni composites in an out-of-plane field
Carrying out a similar process but with the external magnetic field applied perpendicular to the sample plane, an out-of-plane exchange bias effect between the two FM layers was obtained at room temperature. After the whole system was fully saturated (+15 kOe out-of-plane), shifts along the field axis (H EB ) ( figure 11(a) ) were obtained in the hysteresis loops when the maximum external field was large enough to saturate the hard phase. This effect was studied as a function of the soft and hard layer thicknesses. Figure 11 shows the out-of-plane hysteresis loops of CoCrPt20/Ni5 when the maximum applied fields were +1.25 and +10 kOe. The coercivity of the CoCrPt20/Ni5 minor loops was increased from 50 to 65 Oe when the maximum applied fields were +10 and +1.25 kOe respectively. For CoCrPt20/Ni20 the coercivity of the minor loops was increased from 45 to 70 Oe when the maximum applied fields were +10and +2 kOe respectively. Also a positive bias field of 12 Oe was observed in the CoCrPt20/Ni5 loop with a maximum applied field of +1.25 kOe, and a bias field of 17 Oe for CoCrPt20/Ni20 at +2 kOe. No out-of-plane field-dependent shifts were obtained for CoCrPt10/NiY composites.
The origin of these features is believed to be different from the proposed interlayer domain configuration model responsible for in-plane bias effects. Davies et al [49] studied the magnetization reversal and FM domain formation of Co/Pt multilayer films by FORC analysis and transmission x-ray microscopy images, finding that the return path of some FORC curves (from negative to positive fields) cross over the major loop return path and the coercivity was increased. Magnetic imaging revealed that isolated residual domains, which were not fully reversed in the FORC curves, led to the crossover behavior by producing local stray fields that impeded subsequent domain growth, increasing the coercivity. Based on this model, we propose that an out-of-plane field H = −1.25 kOe is insufficient to saturate the CoCrPt layer, leaving residual domains, as observed in our FORC analysis where irreversible features are observed between points H A and vii in figure 5. This is indicated in the different return paths of the out-of-plane CoCrPt20/Ni5 hysteresis loops for +1.25 and +10 kOe maximum applied fields. The region of interest where the different return paths cross is shown in figure 11 and emphasized by circles. When the out-of-plane applied field approaches saturation, the number of residual domains decreases and a smaller net magnetization is observed with lower switching field and coercivity.
Summary
The magnetization reversal of exchange coupled CoCrPt/Ni composites was investigated using a combination of experimental techniques. The reversal shows a complex behavior due to the coupling between the layers and their orthogonal anisotropy axes (Ni: in plane, CoCrPt: out of plane easy axis). The major hysteresis loops of the bilayers show that the hard and soft layers are strongly coupled, so that the behavior of the composite is not a superposition of the hysteresis loops of each individual layer. The out-of-plane reversal process of the bilayer shows behavior characteristic of a film with perpendicular magnetic anisotropy and a multidomain structure. FORC results show two irreversible peaks (H Dp and H A ) and a reversible region between them attributed to expansion of domains in the CoCrPt. The reversible field range increased with Ni thickness, from ≈1.05 to ≈1.25 kOe for CoCrPt20/Ni5 and CoCrPt20/Ni20 respectively. Fields well above the saturation field apparent from the hysteresis loops were required to completely saturate the CoCrPt phase and eliminate residual domains.
For both in-and out-of-plane fields, exchange bias effects were observed at room temperature which varied with layer thicknesses and field magnitude. The in-plane bias effect was attributed to the domain configuration in the CoCrPt at the interface with the Ni. The model is supported by the depth-dependence on CoCrPt magnetization according to PNR. In contrast, the out-of-plane bias effect was associated with residual domains in the CoCrPt which were not eliminated in the minor hysteresis loop. These exchange spring structures consisting of magnetic films with orthogonal anisotropies open the possibility to develop systems with controllable coercivity and loop asymmetry by varying the layer thicknesses and the magnetic history of the sample.
